Despite the frequent use of endotracheal tubes in daily practice of emergency medicine, not much emphasis has been put on the measurement of cuff pressure. We attempted to conduct a case series study of prospectively recruited patients to illustrate the risk of inappropriate cuff inflation without manometry. It was found that the pilot balloon palpation was an inaccurate method to estimate cuff under-or over-inflation, with large discrepancies when compared with an objective measure. Such discrepancies might be independent of doctors' and nurses' working experience in airway management. Use of an aneroid manometer remains an economical and cost-effective way to obtain an instantaneous yet reasonably reliable result and should become a routine in emergency departments. (Hong Kong j.emerg.med. 2016;23:42-50) 急診醫學的日常實踐中經常使用氣管插管，但沒有太重視氣管內導管套囊壓力的測量。我們試圖招募患 者進行前瞻性病例研究，說明不恰當的套囊壓力的風險。結果發現，以先導氣囊的觸診來評估套囊充氣 不足或過度是不準確的，與客觀測量比較具有頗大的差異。這種差異與醫生和護士的氣道管理工作經驗 並沒有相關。使用無液壓力計來獲得即時又相當可靠的測量結果，是經濟和具有成本效益的方式，並應 成為急症室的常規。
Introduction
Endotracheal tube (ETT) cuff has been frequently discussed in medical literature. Although it does not provide anchorage of the tube itself, it serves the purposes of preservation of positive pressure ventilation and positive end-expirator y pressure (PEEP), prevention of aspiration of secretions from the upper airway and gastric contents, avoidance of ventilatorassociated pneumonia (VAP), and centering the tracheal tube to avoid trauma by its tip to the tracheal mucosa. However, inappropriately over-inflated cuff carries risks of tracheal mucosal and cartilaginous injuries, which can lead to post-intubation sore throat, stridor, 1, 2 hoarseness, blood-stained expectoration, 3 tracheoesophageal fistula, 4 tracheocarotid artery erosion, 5 tracheal stenosis, 6 and rupture. 7 The key to avoid detrimental effects lies on application of an appropriate cuff pressure.
Blood supply to tracheal mucosa is delicate. Anteriorly the arterioles (less than 0.1 mm in diameter) run in t h e i n t e r c a r t i l a g i n o u s s u b m u c o s a l p l a n e c ircu mf eren t ia lly, while po st er io r ly t hey r u n longitudinally. The hallmark article authored by Seegobin et al 8 demonstrated an impairment of tracheal mucosal blood flow once the tracheal cuff pressure exceeds 30 cmH 2 O (22.1 mmHg) among normotensive patients. It endoscopically correlated increasing cuff pressure to rising lateral wall pressure. Progressive impingement of tracheal mucosal blood flow was followed by mucosal and cartilaginous ischaemia and ulceration, in a mechanism similar to high-pressure cuffs. Nordin 9 histologically examined trachea of intubated rabbit models with cuffs either un-inflated or inflated to various cuff pressures up to 100 mmHg (136 cmH 2 O). Superficial damage began to occur at the cuff pressure of 20 mmHg (27.2 cmH 2 O). After only 15 minutes, structural damage started to occur among models with pressure higher than 30 cmH 2 O. The narrow time window to damage implies that emergency physicians are responsible to ascertain an appropriate cuff pressure after emergency intubation in emergency department (ED).
There are a few methods to determine appropriateness of cuff inflation, namely manual palpation of the pilot balloon connected to the cuff, determination of minimal occlusive volume, minimal leak technique, predetermined volume technique, direct measurement with aneroid gauge, continuous measurement with transducer, or even use of special tubes with Lanz ® pressure regulating valve and low-volume-low-pressure cuff tubes. At local ED setting the most prevalent practice is the first mentioned. We postulate that there is a tendency for cuff over-inflation in inexperienced hands in a rush. The risk to compromised tracheal mucosal blood supply further increases among patients with profound haemodynamic instability, which are commonly encountered in an emergency setting.
The Royal College of Anaesthetists in the United Kingdom has proposed "the best practice", that 100% cuffs should be correctly inflated and 100% cuff pressures should be measured and documented at the start of each nursing shift or in anaesthetic chart. The correct pressure is the minimum pressure required to permit positive pressure ventilation and prevent a leak, ideally less than or equal to 25 cmH 2 O (18.4 mmHg) but not exceeding 35 cmH 2 O (25.7 mmHg). 10, 11 Cuff over-inflation should be prevented in all patients by objective measurement. 12 The Advanced Trauma Life Support (ATLS ® ) protocol by the American College of Surgeons addressed the avoidance of cuff overinflation. 13 Yet, post-intubation endotracheal tube cuff pressures are not routinely and objectively measured in Hong Kong EDs. One of the reasons maybe patients with complications after cuff over-inflation did not usually present acutely to the EDs thus remaining at the base of iceberg.
Multiple studies addressed the prevalence of cuff overor under-inflation (Table 1) . Pressure estimation by pilot balloon palpation was the most frequently used technique, yet it failed to detect abnormal cuff pressure in prehospital, ED and intensive care unit settings.
Our study intends to reinforce the current best available evidence, that cuff pressures should be measured objectively. It may highlight a new focus in future clinical guideline for emergency air way management.
Methods
Ad u l t p a t ie n t s w h o we re i n t u b a t e d w it h a n endotracheal tube at the Accident and Emergency Department of Queen Mary Hospital from June 2012 to May 2013 were prospectively recruited. All involved endotracheal tubes were clear polyvinyl chloride (PVC) tracheal tubes with Profile Soft Seal ® high-volume-lowpressure plasticised PVC cuffs (Smiths Medical Company Limited). The resuscitation team was ex p ec ted t o p er fo r m a s it us ed t o in a ir wa y management, including intubation and confirmation of ETT position both clinically and radiographically. After successful intubation with tube position confirmed, both the doctor who performed the intubation and the nurse who inflated the cuff were requested to assess the cuff pressure by digital palpation of pilot balloon. They were allowed to make adjustments on the cuff by inflation or deflation with a syringe. The involved air volume was logged. The peak cuff pressure was then measured by the Nursing Officer-in-charge, who was not a resuscitation team member, when the peak inspiratory pressure was achieved. Measurement was done with a manometer as shown in Figure 1 (Pocket cuff pressure gauge, VBM Me d i z i n t e c h n i k G m b H , G e r m a n y ) . D u r i n g measurement, there should be a tight connection between the Luer lock of the gauge and the one-way valve of the ETT. Manipulation of the ETT, including the pilot balloon, was refrained from. Comparison was made between the estimated and measured cuff pressures. The cuff pressure would then be adjusted in accordance with the manometer reading. To reduce the Hawthorne effect, the resuscitation team was not informed of the purpose of the study and was told to perform as usual. The staff concerned with data logging was not allowed to disclose the measurements. We defined the ideal cuff pressure to be 20-30 cmH 2 O (14.7-22.1 mmHg) to balance the risk of having n, number of subjects; PACU, post-anaesthetic care unit; ICU, intensive care unit; ED, emergency department; OT, operation theatre with anaesthetist; N/A not available; PBP, pilot balloon palpation; MOV, minimal occlusive volume; ML, minimal leak; PV, predetermined volume) tracheal mucosal capillary hypoperfusion and the benefit of proper sealing to avoid microaspirations and VAP. 23 Other Disregarding indications, all adult patients aged 18 and above who were intubated with an endotracheal tube were included to the study. Exclusion criteria were paediatric patients under the age of 18, pregnancy or lactation, intubation with surgical measures e.g. tracheostomy and surgical cricothyroidotomy, intubation via non-oral route, prior laryngeal and tracheal operations, patients related unequally to investigators, e.g. student, employee, and those with mental or cognitive disabilities. Data collection forms (Appendix 1) were filled out by the Nursing Officerin-charge, which were then reviewed by investigators regularly. Such data was stored in an encrypted computer file for further analysis. Before data collection, a briefing workshop describing the method of measurement and pressure adjustment was convened. Prior approval from the Institutional Review Board of the University of Hong Kong/Hospital Authority Hong Kong West Cluster (HKU/HA HKW IRB, reference number: UW 12-250) was obtained.
Results
A total of seventeen subjects were recruited during the study period. Thirteen individuals were male. The subject age range was 43-92 years. Majority of intubations (n=8) were done for airway protection, followed by cardiac arrest (n=6) and respiratory failure (n=3). Years of experience among doctors and nurses responsible for airway management ranged at 2-30 years and 1.5-32 years, respectively. Staff grades of intubating doctors were variable, from junior residents, senior medical officers and associate consultants, to consultants. Except for one intubation (subject #8) which was done by an on-call Anaesthesiology resident, Figure 1 . Setup used in the data collection period. A standard pressure gauge is connected to a 10 ml syringe with low friction plunger via an air-tight three-way stopcock, which can be dissembled in regular use. all subjects were intubated by ED doctors. The ranges of estimated patients' height, weight and body mass index (BMI) were 1.5-1.8 m, 45-80 kg, and 19.5-27.7 kg/m 2 , respectively. None of the recruited subjects was morbidly obese.
Most intubating doctors used a curved blade installed with their laryngoscopes, with or without an airway adjunct e.g. a gum elastic bougie and a McCoy blade. All intubation attempts were done successfully under direct laryngoscopy. However data on number of intubation attempts was not recorded. Nurses who assisted the procedure were responsible for inflating the endotracheal tube cuff via the pilot balloon. Only three subjects achieved ideal cuff pressure without using a manometer. There was a large variation in differences between pressure estimated by palpation and ideal cuff pressure as determined by manometry, in a range from -15 to 90 cmH 2 O (-60% to 333.3%). Thirteen subjects (76%) had over-inflation of cuff. In two subjects (#2 and #11), the cuff pressures were not estimated by palpation, and both of them had their initial cuff pressures exceeded the upper ideal range by 60% and 116.7%, respectively. One subject (#17) had his cuff under-inflated by 60%. No cuff pressure adjustment was done despite high-pressure readings measured after failed cardiopulmonary resuscitation in subjects #10 and #12. Measured cuff pressures in three subjects (#5, #7, #9) reached more than 100 cmH 2 O, which were very close to the upper measurable limit of the manometer (120 cmH 2 O). Six subjects had their initial pressures at least doubled of the final pressure after adjustments with our setup ( Table 2 ).
Volume of air initially insufflated to cuff ranged from 4 ml to 15 ml. For cases with air aspiration done, the volume of air aspirated ranged from 0.5 to 7 ml, with a highly variable final volume of air in the range of 3 to 11.4 ml, to achieve the ideal cuff pressure of 20-30 cmH 2 O. Except for subjects #9 and #13 who were certified dead at the ED department, the shortest stay before transfer after a successful intubation was 18 minutes, with 89 minutes being the longest (Table 2 ).
Due to paucity of subjects recruited, correlation analysis of working experience of staff and accuracy of pilot balloon palpation to estimate cuff pressure was not possible. Predictions of percentage of pressure in excess or deficit using estimation method against various BMI, laryngeal grade, use of airway adjuncts, ETT size and length inserted, could not be made.
Discussion
The actual prevalence of ETT cuff over-inflation could not be determined in this case series with a low number of recruited patients. However, there were patients who just underwent resuscitation, with vulnerable tracheal mucosal perfusion, exposed to further risk of tracheal intubation related mucosal ischaemia.
Cuff pressure measurement with a manometer is simple with instantaneous result. Some manometers (such as the one used in this study) are equipped with a button to release, or a pump to insufflate air into the cuff as a single unit. Such connection is separate from the ventilatory circuit to avoid cross-infections. The reusable aneroid manometer is very economical (HK$1150, or US$147 for the one used in our study) when compared with other ETT with special pressurecontrol valve, or electronic manometers for continuous cuff pressure monitoring.
Insufflation of a fixed volume of air into the cuff yielded unpredictable cuff pressure, as shown in our data, partly because of anatomical variations among different patients, choice of ETT size and type, 15 and positive pressure applied during mechanical ventilation. No subjects showed clinically demonstrable air leak when the measured cuff pressure was greater than 30 cmH 2 O, the upper limit of ideal cuff pressure. It was regarded as a safe pressure limit with balance between risk of aspiration of upper airway secretions and benefit of avoiding inadvertent tracheal mucosal ischaemia.
Contrary to "classic" teachings which cuff pressure was usually estimated by palpation of the pilot balloon, such method was proved to be inaccurate and yielded highly variable readings. It did not appear to be improved with clinical experience according to our study, concurring with available literature. 21 Despite a lack of comparison groups between emergency physicians and anaesthetists in our data, Ghafouri et al 24 showed no difference in mean cuff pressure between them. An objective assessment method should be a routine in clinical practice to minimise patient's exposure to inadvertent high cuff pressure and tracheal mucosal ischaemia within the shortest time, even if those patients are to be transferred to other units. In our series, the length of stay for most of our intubated patients well exceeded the safety window of 15 minutes while pending transfer. Re-checking with objective measurement by the receiving end after each inter-or intra-hospital transport is advocated.
We acknowledge this case series as an illustration of prevailing clinical practice in a local ED instead of a representation of all Hong Kong EDs as a whole. There is nonetheless a general insufficiency of airway management guidelines addressing this issue in our territory.
Conclusion
Objective ETT cuff pressure measurement with a manometer should be incorporated to standard procedural guidelines of air way management in EDs. The measured cuff pressure should be an essential quality benchmark in clinical audits and accreditations.
